The dissimilatory Fe(III) reducer, GS-15, is the first microorganism known to couple the oxidation of aromatic compounds to the reduction of Fe(III) and the first example of a pure culture of any kind known to anaerobically oxidize an aromatic hydrocarbon, toluene. In this study, the metabolism of toluene, phenol, and p-cresol by GS-15 was investigated in more detail. GS-15 grew in an anaerobic medium with toluene as the sole electron donor and Fe(IH) oxide as the electron acceptor. Growth coincided with Fe(III) reduction.
[ring-.4C]toluene was oxidized to '4C02, and the stoichiometry of '4C02 production and Fe(III) reduction indicated that GS-15 completely oxidized toluene to carbon dioxide with Fe(III) as the electron acceptor. Magnetite was the primary iron end product during toluene oxidation. Phenol and p-cresol were also completely oxidized to carbon dioxide with Fe(III) as the sole electron acceptor, and GS-15 could obtain energy to support growth by oxidizing either of these compounds as the sole electron donor. p-Hydroxybenzoate was a transitory extracellular intermediate of phenol and p-cresol metabolism but not of toluene metabolism. GS-15 oxidized potential aromatic intermediates in the oxidation of toluene (benzylalcohol and benzaldehyde) and p-cresol (p-hydroxybenzylalcohol and p-hydroxybenzaldehyde). The metabolism described here provides a model for how aromatic hydrocarbons and phenols may be oxidized with the reduction of Fe(III) in contaminated aquifers and petroleum-containing sediments.
Aromatic hydrocarbons are among the most common groundwater contaminants (28, 34, 36, 45) . Under aerobic conditions, microorganisms can readily degrade monoaromatic hydrocarbons such as benzene, xylenes, and toluene, and the pathways for this metabolism have been studied intensively (10, 15) . However, most groundwaters polluted with organic compounds are anaerobic. Geochemical evidence has indicated that aromatic hydrocarbons can be oxidized in anaerobic groundwater in which nitrate reduction, methane production, or Fe(III) reduction is the terminal electron accepting process (21, 23, 28, 34 ; I. M. Cozzarelli, R. P. Eganhouse, and M. J. Baedecker, Environ. Geol. Water Sci., in press). Laboratory studies have indicated that the oxidation of aromatic hydrocarbons under these anaerobic conditions is the result of microbial metabolism (17, 21-23, 28, 44-47) .
Although anaerobic microorganisms capable of metabolizing aromatic acids and phenols under denitrifying, photosynthetic, sulfate-reducing, or methanogenic conditions have been described previously (for reviews, see references 5 and 13), until recently there were no microorganisms in pure culture that were known to anaerobically oxidize aromatic hydrocarbons. Two microbial isolates which can anaerobically oxidize toluene have now been described. The dissimilatory Fe(III)-reducing microorganism, GS-15, was found to grow in an anaerobic medium with toluene as the electron donor and a poorly crystalline Fe(III) oxide as the electron acceptor (23 MATERIALS AND METHODS Culture conditions. As previously described (26) , strict anaerobic culturing and sampling techniques were used throughout. The basic growth medium for GS-15 was the same as that previously described for growth of GS-15 on acetate (26) . The medium contained (in grams per liter of deionized water): NaHCO3 (2.5), CaCI2 2H20 (0.1), KCI (0.1), NH4Cl (1.5), and NaH2PO4 H20 (0.6), as well as a mixture of vitamins and trace minerals. The medium contained ca. 100 mmol of Fe(III) in the form of a poorly crystalline Fe(III) oxide. This was synthesized, as previously described (24) , by neutralizing a solution of FeCl3 and collecting the Fe(III) oxide precipitate. The gas phase was N2-C02 (80:20). The pH was 6.7. In order to examine the formation of magnetite during toluene metabolism, without potential interference of siderite formation (26), GS-15 was grown in a modified medium in which the NaHCO3 was omitted and the gas phase was N2.
The medium was dispensed in 10-ml volumes in anaerobic pressure tubes or 80-or 100-ml volumes in 160-ml serum bottles. The medium was bubbled for at least 6 (pressure tubes) or 15 (serum bottles) min with the appropriate gas phase (N2-C02 or N2) to remove dissolved oxygen. The culture vessels were then sealed with thick butyl rubber stoppers (Bellco Glass, Inc., Vineland, N.J.) and an aluminum crimp. The (18) . Samples (1 ml) were anaerobically removed over time with a syringe and needle and were fixed with glutaraldehyde (final concentration, 2.5%).
The iron forms were dissolved with an acidic oxalate solution as previously described (26) (Table 1 ). The ratio of Fe(II) produced to toluene oxidized to carbon dioxide closely approximated the ratio of 36 that was expected for the complete oxidation of toluene to carbon dioxide with Fe(III) as the sole electron acceptor ( Table 2 , reaction 1). In these studies, the Fe(II) transferred with the inoculum served as a reductant to ensure that the medium was anaerobic (27) . Furthermore, toluene was oxidized to carbon dioxide in a similar manner in a medium to which sulfide had also been added as a reductant (Table 1) . Toluene was not oxidized in the absence of GS-15 (Table 1) . When GS-15 was inoculated into a medium that contained toluene but no Fe(III) oxide, there was only a slight oxidation of toluene, which was in proportion to the small amount of Fe(III) that was carried over with the inoculum and subsequently reduced (Table 1) .
In the toluene cultures that were inoculated with GS-15 and contained Fe(III), 55% of the label added as [ring- 14C]toluene was recovered as 14CO2 and 10% was recovered in the toluene trap or the culture medium (Table 1 ). In the uninoculated treatment, only 9% of the added label was recovered in the carbon dioxide traps, toluene trap, or the medium. It is assumed that the label not recovered in the medium or the traps was absorbed into the stoppers as rubber stoppers will absorb toluene over time (17) .
Growth of GS-15 on toluene resulted in the production of copious quantities of a magnetic mineral (Fig. 2) , which X-ray diffraction analysis identified as magnetite.
GS-15 metabolized phenol with the concomitant reduction of Fe(III), and this metabolism was associated with cell growth (Fig. 3) (Table 3 ). The label remaining in the medium was presumably primarily in the form of unmetabolized phenol or p-hydroxybenzoate.
GS-15 also metabolized p-cresol with the reduction of Fe(III), and this metabolism yielded energy to support growth (Fig. 4A) . p-Hydroxybenzoate accumulated during p-cresol metabolism (Fig. 4A ) but was further metabolized with extended incubation (data not shown). Medium which contained sulfide had similar rates of p-cresol metabolism and Fe(III) reduction (Fig. 4B) . There was no loss ofp-cresol over time if the p-cresol-Fe(III) oxide medium was not inoculated with GS-15 or if the Fe(III) oxide was omitted from the inoculated medium (Fig. 4B) .
A stoichiometry for p-cresol oxidation to carbon dioxide coupled to Fe(III) reduction could be approximated from the data shown in Fig. 4 and the corresponding duplicates of each treatment. After 7 days of incubation for the four replicates, 0.34 + 0.01 mmol (mean + standard deviation, n = 4) of p-cresol was metabolized, 0.11 + 0.05 mmol of p-hydroxybenzoate had accumulated, and 9.1 + 1.0 mmol of Fe(II) had been produced per liter. The incomplete oxidation of a mole of p-cresol to p-hydroxybenzoate is expected to result in the reduction of 6 mol of Fe(III) ( reduced associated with the accumulated p-hydroxybenzoate were subtracted from the total amount of Fe(III) reduced and p-cresol metabolized, the ratio of Fe(III) reduced to p-cresol metabolized was 37. This is only slightly higher than the theoretical ratio of 34 for the complete oxidation of p-cresol to carbon dioxide ( (26) . However, with aromatics, the rate of Fe(III) reduction is typically slower, with a longer initial lag period than with acetate. Detailed comparisons of physiological parameters during growth of GS-15 on various organic acids and aromatic compounds are needed.
Initial steps in phenol, p-cresol, and toluene metabolism. GS-15 oxidizes benzoate to carbon dioxide (23) without the accumulation of extracellular aromatic or fatty acid intermediates (unpublished data), and no accumulation of aromatic intermediates has been detected during toluene metabolism (23) . However, p-hydroxybenzoate temporarily accumulated during growth on phenol or p-cresol. This suggests that the first step in phenol metabolism is carboxylation of the aromatic ring and that the methyl group of p-cresol is oxidized prior to metabolism of the aromatic ring (Fig. 5) . These potential pathways are the same as those previously proposed for phenol and p-cresol metabolism in denitrifying microorganisms (6) (7) (8) 42 (20) .
It has been proposed for denitrifying cultures (7, 8, 42 ) and sulfate-reducing sediments (37) that the oxidation ofp-cresol to p-hydroxybenzoate proceeded via p-hydroxybenzylalcohol and p-hydroxybenzaldehyde (Fig. 5) . The finding that GS-15 can also oxidize p-hydroxybenzylalcohol and p-hydroxybenzaldehyde demonstrates that GS-15 could potentially metabolize p-cresol by a similar pathway. However, neither of these potential intermediates has been observed during p-cresol metabolism. It has been proposed that denitrifiers reduce p-hydroxybenzoate to benzoate prior to metabolizing the aromatic ring (13, 31, 40) . If GS-15 has a similar metabolism, then the accumulation ofp-hydroxybenzoate during phenol and p-cresol metabolism may be because the steps leading to p-hydroxybenzoate ( Anaerobic toluene oxidation has been previously observed under mixed culture conditions in which denitrification (22, 47) or methane production (17, 44, 45) was the terminal electron accepting process. Furthermore, after the completion of the studies reported here, a Pseudomonas sp.
was reported to oxidize [ring-14C]toluene to 14CO2 (46) when nitrate or N20 was provided as a potential electron acceptor.
Two potential pathways for toluene oxidation under denitrifying or methanogenic conditions have been hypothesized (17, 22) . One proposed pathway is hydroxylation of the aromatic ring to form p-cresol, with subsequent oxidation of the p-cresol to p-hydroxybenzoate (Fig. 5) (9, 33, 43 (7, 8, 42 ) and mixed culture systems in which nitrate reduction (22) , sulfate reduction (37), or methane production (17) was the terminal electron accepting process, as well as the results presented here for GS-15. However, none of the pathways for the metabolism of these compounds by GS-15 has been unequivocally demonstrated, and the pathways are shown merely as an aid in following the discussion. accumulation of magnetite around hydrocarbon seeps has been attributed to microbial oxidation of hydrocarbon components coupled to Fe(III) reduction (12, 27, 30) . The production of copious quantities of magnetite during the oxidation of toluene by GS-15 lends support to this hypothesis.
In 
